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ABSTRACT 


The  mechanical  properties  of  ceramic  composites  change  due  to  variations  in  the 
size  and  geometry  of  the  reinforcement.  In  the  present  work  the  effects  of  SiC  whisker 
(SiCw)  and  SiC  platelets  (SiCp)  have  been  investigated  on  the  mechanical  properties  of 
SiC/AlaOs  composites.  The  flexural  properties  of  both  whisker—  and  platelet— reinforced 
SiC/Al203  composites  were  measured  using  the  four— point  bend  test.  Fracture  toughness 
was  determined  for  both  straight  and  chevron  notched  specimens.  Scanning  electron 
microscopy  examination  of  the  fractured  surfaces  was  conducted  to  perform  failure  analyses 
and  understand  toughening  mechanisms. 

The  results  of  the  investigation  indicate  that  SiCw/AljOs  composite  provides  higher 
flexural  strength  and  fracture  toughness  compared  to  SiCp/Al203  composite.  During  the  hot 
pressing,  the  control  of  the  orientation  of  the  SiCp  is  extremely  difficult  and  it  appears  to 
form  a  porous  matrix  structure  which  substantially  lowers  the  strength.  Moreover,  low  1/d 
ratio  of  SiCp  has  a  major  influence  on  the  fracture  toughness.  Attempts  have  been  made  to 
predict  the  flexural  properties  of  the  composite  by  coupling  the  principle  of  minimization  of 
potential  energy  and  the  rule  of  mixture.  The  deflection  curve  of  a  composite  four— point 
beam  coupon  is  found  from  an  assumed  Fourier  series  solution  satisfying  the  geometric 
boundary  conditions  and  using  the  rule  of  mixture.  Strain  compatibility  conditions  are 
applied  to  determine  the  axial  displacement  fidd  and  hence  the  flexural  strain.  Stresses  on 
the  matrix  and  fiber  are  then  estimated  under  the  assumption  of  isostrain  conditions. 
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1.0  INTRODUCTION 

The  mechanical  properties  of  monolithic  ceramics  can  be  improved  significantly  by 
the  composite  approach.  Although  the  composite  properties  primarily  depend  on  the 
materials  combination,  the  shape  and  micro  structural  arrangement  of  the  constituents  have 
a  significant  impact  on  the  mechanical  properties  of  the  composites.  Whiskers,  particles, 
platelets,  fibers,  fillers,  are  most  commonly  used  as  reinforcement  in  structural  ceramics. 
The  use  of  whiskers  and  platelets  in  ceramic  matrix  composites  has  different  implications  in 
terms  of  orientation,  aspect  ratio  and  interface  characteristics  that  control  the  structural 
behavior  of  the  composites. 

Ceramics,  being  brittle  materials,  possess  low  fracture  toughness,  restricting  their 
utilization  in  many  structural  applications.  There  has  been  increased  interest  in 
strengthening  and  toughening  of  ceramics  by  the  incorporation  of  particulate  or  whiskers 
within  the  micro  structure  [1-6].  It  has  been  found  that  both  size  and  concentration  of  the 
dispersed  particles  influence  the  fracture  toughness  [7,8].  Larger  dispersed  particles 
contribute  to  greater  toughness  than  the  smaller  sizes.  The  micromechanical  residual 
stresses  developed  in  SiC/AljOs  composites  at  high  temperature  appear  to  be  highly 
dependent  on  the  geometry  of  the  reinforcing  inclusion  [9].  Crack  deflection,  fiber  breakage, 
fiber  debonding,  fiber  pullout  and  wake,  etc.  are  various  mechanisms  by  which  whisker  or 
platelets  help  in  toughening  the  composites  [10—12].  It  has  also  been  observed  that 
rod-shaped  particles  are  more  effective  as  toughening  agents  compared  to  disk  or 
spherical-shaped  particles.  Considering  these  various  aspects  of  SiC  platelets  and  SiC 
whiskers  as  reinforcements,  the  present  study  was  undertaken  to  investigate  the  influence  of 
both  SiC  whiskers  and  platelets  in  reinforcing  the  monolithic  AI2O3.  The  current  research 
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investigated  into  the  improvement  of  mechanical  properties,  namely,  flexural  strength  and 
fracture  toughness,  due  to  these  reinforcements. 

Both  flexural  strength  and  fracture  toughness  in  this  research  were  determined  using 
four— point  bend  test.  The  governing  equation  [13—15]  to  compute  the  flexural  stress  in  the 
beam  is  derived  from  the  Bernoulli— Euler  elastic  beam  theory  based  on  the  consideration  of 
equilibrium  alone.  This  does  not  yield  a  continuous  displacement  field  that  is  often  required 
for  design  purposes.  Most  importantly,  the  equation  dose  not  consider  anisotropy  that  exists 
in  the  beam  materials  due  to  its  composite  structure.  In  the  current  investigation,  it  is 
attempted  to  formulate  a  method  based  on  the  minimization  of  potential  energy,  and  the 
rule  of  mixture  to  determine  the  displacement,  flexural  strain  and  flexural  stress  in  a 
four— point  beam. 
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2.0  EXPERIMENTAL  WORK 

2.1  Spedmen  Pr^aiation 

The  steps  involved  in  processing  of  Ceramic/Ceramic  composites  are  shown  in  Fig. 
1.  The  basic  raw  materials  used  in  the  preparation  of  billets  were  AI2O3  matrix  and  SiC 
whisker  and  SiC  platelets.  The  AI2O3  was  in  the  form  of  powder  (EBON  A)  supplied  by 
Cercom*.  The  SiC  whiskers  were  manufactured  by  Tokai  Carbon^  with  a  trade  name 
TWS— 100.  The  SiC  platelets  were  manufactured  by  American  Matrix  Inc®.  The  data 
provided  by  the  manufacturer  of  AI2O3,  SiC  whiskers  and  SiC  platelets  are  shown  in  Tables 
1-3. 

The  SiC  whisker  or  platelets  and  AI2O3  powder  were  blended  by  liquid  processing  to 
form  a  slurry.  It  was  then  dried  imder  agitation  to  produce  a  homogeneous  powder.  Total 
reinforcement  content  was  maintained  at  30  %  by  volume.  The  hot  pressing  of  SiC/Al203 
mixture  was  carried  out  at  Cercom  and  Industrial  Ceramic  Technology^,  in  an  inert 
atmosphere  of  nitrogen  using  graphite  dies.  The  maximum  hot  pressing  temperature  was 
1775^C  and  the  maximum  pressure  applied  was  4500  psi.  For  the  fabrication  of  monolithic 
alumina  billets,  the  hot  pressing  was  carried  at  maximum  temperature  of  1475^C  and  the 
maximum  pressure  applied  was  2000  psi.  Billets  of  both  monolithic  AI2O3  and  SiC/Al203 
composites  were  prepared  for  comparison  of  the  flexural  strength  and  fracture  toughness 
values.  All  the  specimens  for  flexural  strength  and  fracture  toughness  were  machined  and 
cut  as  specified  in  Figs.  2—4.  It  is  well  known  that  whiskers  tend  to  align  in  the  direction 
perpendicular  to  the  hot  pressing  axis.  Accordingly,  attention  was  given  in  cutting  all  the 
specimens  to  make  certain  that  the  loading  axis  remained  perpendicular  to  the  whisker 
length  as  shown  in  Fig.  5.  In  the  case  of  platelets  such  controlled  orientation  was  extremely 
difficult  to  achieve  through  hot  pressing. 
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2.2  Measmement  of  Flexural  Strength 

The  flexural  strength  of  both  whisker—  and  platelet— reinforced  SiC/A^Oa 
composites  and  monolithic  AI2O3  specimens  were  determined  using  four— point  bend  test. 
Ten  specimens  of  each  type  were  tested  to  obtain  a  meaningful  WeibuU  analyses.  A  ceramic 
bend  fixture  with  40  mm  outer  span  and  20  mm  inner  span  was  used  to  conduct  the  tests. 
The  tests  were  performed  in  an  Instron  load  frame  with  a  data  acquisition  system.  The  rate 
of  cross  head  speed  was  maintained  at  0.02  inch/minute. 

The  flexural  strength  data  of  monolithic  AI2O3  and  SiC/Al203  composite  are  shown 
in  Table  4.  The  equation  used  for  determining  the  flexural  strength(four— point  loading)  is  as 
follows: 


=3P(L-a)/2b 


(1) 


1.  Cercom  Incorporated,  1960  Watson  Way,  Vista,  CA  92083 

2.  Tokai  Carbon,  American  Inc.,  375  Park  Ave.,  Suit  3802,  NY  10152 

3.  American  Matrix  Inc.,  Box  23556,  Knoxville,  TN  37933 

4.  Industrial  Ceramic  Technology,  37  Enterprise  Dr.,  Ann  Arbor,  MI— 48103 
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P  =  Applied  load 
L  =  Outer  span  length 
a  =  Inner  span  length 
b  =  Width  of  the  specimen 
d  =  Depth  of  the  specimen 


2.3  Measurement  of  Fracture  Toughness 

The  fracture  toughness  of  both  whisker  and  platelet  reinforced  SiC/Al203 
composites  and  monolithic  AI2O3  was  measured  with  two  specimen  configurations;  Straight 
notched  beam  [SENS],  and  Chevron  notched  beam  [CHNB].  The  chevron  notch 
configuration  as  shown  in  Fig.  6.  is  characterized  by  the  following  parameters:  (1)  the  notch 
length  at  the  specimen  surface,  ai;  (2)  the  notch  length  to  the  tip  of  the  chevron  ao;  (3)  the 
specimen  width,  W,  and  (4)  thickness,  B.  The  configuration  of  the  chevron  notch  used  for 
the  experiment  is  shown  in  Figure  7.  A  total  number  of  sixty  specimens  were  tested  with 
approximately  ten  in  each  category.  In  both  specimen  configurations,  the  tests  were  carried 
out  in  an  Instron  load  frame  with  a  cross  head  speed  of  0.02  inch/minute.  Due  to  the  low 
load  carrying  capacity  of  both  the  notched  specimens,  a  full  scale  load  of  50  lbs  was  selected 
for  the  test.  The  fracture  toughness  data  for  straight  notched  and  chevron  notched 
specimens  are  shown  in  Tables  5  and  6,  respectively. 

The  equation  used  in  calculating  the  fiacture  toughness  of  straight  notched 
specimens  is  as  follows  [16]; 


K,c  = 


fS,— S, 


r„,  g! 
(l-a)  = 
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where, 


P  =  Applied  load 

Si  =  Outer  span  for  loading  a  4— point  flexural  bar  specimen 
83  =  Inner  span  for  loading  a  4— point  flexural  bar  specimen 
B  =  Width  of  the  specimen 
a  =  Notch  length 
W  =  Depth  of  the  specimen 

The  equation  used  for  determining  the  fracture  toughness  of  Chevron  notched 
specimens  by  4-point  bend  test  is  [17] 


where, 

Y  =  (2.92  +  4.52ao  +  16.14ag).^>  ^  (5) 

ao  =  (6) 

“1=“"^  (7) 

P  =  Appliv;J  load 

W  =  Depth  of  the  specimen 
B  =  Width  of  the  specimen 
S^=  Outer  span  for  loading  the  bar  specimen 
82=  Inner  span  for  loading  the  4  point  bar  specimen 
ao=  Initial  notch  length  (distance  from  crack  mouth  to  chevron  vertex) 
ai=  Distance  from  crack  mouth  to  intersection  of  chevron  notch  &  specimen 
edge 
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3.0  PREDICTION  BY  ENERGY  APPROACH 

The  technique  of  minimizing  a  particular  energy  expression  and  obtaining  an 
approximate  solution  to  the  governing  differential  equation  of  elasticity  is  well  established 
and  are  available  in  the  literatures  [18—20].  One  of  the  more  important  of  these  techniques 
is  the  Rayleigh— Ritz  method.  In  this  method  the  total  potential  energy,  H  is  determined  by 
summing  up  the  total  strain  energy  and  the  total  work  done,  which  in  turn  is  estimated  from 
an  assumed  displacement  solution.  The  assumed  displacement  solution  must  satisfy  the 
geometric  boundary  conditions,  and  contains  unknown  constants  that  are  determined  by 
minimizing  11  with  respect  to  each  of  the  constants.  The  rule  of  mixture  is  introduced  in 
this  formulation  with  the  assumption  that  both  matrix  and  fiber  will  contribute  to  the 
composite  stiffness,  E^.  in  direct  proportion  to  their  own  stiffaess  (E„  and  E^)  and  volume 
fractions  (v„,  and  Vf).  Once  the  deflection  curve  is  determined,  strain  compatibility 
conditions  are  applied  to  find  the  axial  displacement  field  using  the  symmetry  boundary 
conditions.  This  yields  axial  strain  which  is  assumed  to  be  same  for  both  matrix  and  fiber. 
Rule  of  mixture  is  then  applied  to  compute  the  stress  in  the  matrix,  fiber  and  in  the 
composite. 

3.1  Deflection  Solution 

A  typical  four— point  beam  specimens  is  shown  in  Fig.  2.  We  assume  the  deflection 
of  the  beam  as  a  continuous  function  of  x  alone,  and  approximate  it  by  the  following  Fourier 
series.  Let  u  and  v  be  the  axial  and  vertical  displacements  of  the  beam,  respectively.  We 


assume 
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v(x)  =  a„  Sin  (8) 

such  that  v(0)  =  v(L)  =  0  at  the  two  supports  of  the  beam,  i.e.  at  x  =  0  and  x  =  L, 
respectively.  Two  simple  supports  at  the  two  ends  can  not  support  any  moment  and  we 
observe  that 


V(x)  =  -S  (9) 

1j 

satisfies  these  two  boundary  conditions.  Therefore  four  geometric  boundary  conditions, 
namely,  deflection  and  moment,  at  each  end  of  the  beam  are  satisfied. 

Let  (Tjj,  (Ty,  (Tj,,  r^y,  Ty^,  and  be  the  state  of  stress  that  satisfies  the  stress 
equations  of  equilibrium,  and  is  caused  by  the  application  of  forces  on  the  surface  of  the 
beam.  If  we  denote  U  to  be  the  total  strain  energy  for  the  above  mentioned  stress  state,  we 
can  write  [21] 


However,  over  the  inner  span,  the  beam  is  under  pure  bending  and  we  can  write  and 
ay=a2=rjjy=r=y2=r23t=0.  Here  c  denotes  the  bending  or  flexural  stress  on  the  beam  due  to 
the  applied  load.  Therefore, 


(11) 


Under  the  pure  bending  c  =  — where  M  and  I  are  respectively  the  applied  moment  and 


the  second  moment  of  the  cross-sectional  area.  The  substitution  reduces  equation  (11)  to 


(12) 


It  is  to  be  noted  here  that  c  =  — — is  based  on  the  assumption  of  homogeneous  material 
and  the  isotropic  Hooke’s  law.  Therefore,  eqn.  (12)  will  be  modified  later  by  the  rule  of 
mixture.  In  terms  of  displacement  v(x),  we  can  write  equation  (12)  as 


U  =  5  to 


dx' 


(13) 


d^v 

where  we  have  substituted  M  =  El - . 

dx^ 

We  know  that  E  is  not  a  constant  over  the  volume  and  herein  we  introduce  the  rule  of 
mixture  to  account  for  the  multi  phase  materials  of  the  beam  specimen.  Since  the 
cross-sectional  area  of  the  specimen  is  constant  along  x,  the  distribution  of  E  over  x  is  taken 
from  the  simple  rule  of  mixture  such  that 


Ec  =  E^v^  +  EfVf  (14) 

Where  E„,  Ef,  v„„  and  v^’s  are  respectively  the  elastic  modulii  and  volume  fractions  of  the 
matrix  and  the  fiber.  Here  we  have  assumed  that  v„  +  v^  =  1,  and  both  matrix  and  fiber 
contribute  to  the  composite  stiffness  in  direct  proportion  to  their  respective  stifbiesses  and 
volume  fractions.  Equation  (13)  therefore,  takes  the  form 
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We  now  proceed  to  determine  the  work  done,  W,  on  the  beam  by  the  applied  loads.  We  can 
write 


(16) 


3nT 


(17) 


We  know  from  symmetric  loading  that  (v)  L  =  (v)  3L  .  To  conform  to  this  condition, 

T  3 

we  restrict  the  values  of  n  =  1,  3,  9, 11.. ..etc.  in  the  infinite  series  such  that 


W  =  P  S  a„Sm.5J 

n-l,  3i9>U 


(18) 


The  total  potential  energy,  11  can  therefore,  be  written  as 


E„vJ  L  j2 


n  =  U  -  W  =  EI(^=dx  +  -  P  I  a.Sin^ 

dx  dx^  n=l,3,9,U 


I(E.v.+E,v,)^L  ^  ^  ^  j  ^3.^^ 


nx 


Iisl}3i9>  11 


mil  3)9>1  1 


(19) 


Squaring  the  series  and  observing  that 


I  ^  Sin  — ^  Sin  dx  =  0,  for  m  »*  n 


and  /  ^  Sin  Sf^Sin  2J^dx  =  L/2,  for  m  =  n. 
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we  get 


n  = 


7r*I(E„v„+EfVf) 


-  V  I  a„Sin^ 

n  =  l>3>9ill  n«l>3>9>ll 


(20) 


Now  we  apply  the  minimizing  condition 


da 


=  0 


(21) 


where  all  coefficients  except  a^  are  taken  as  constant  during  the  partial  differentiation. 
Differentiating  equations  (20)  according  to  equation  (21)  we  find  that 


T*m*I(E.V.+EtV() 

2L> 


,a.=  PSm^ 


1-e,  a„  = 


PL^ 


’r^ni<I(E„v„  +  EfVf) 


(22) 


for  m  =  1,  3,  9, 11  etc. 

Therefore,  the  deflection  of  the  composite  beam  can  be  found  from  equation  (8)  as 


v(x) 


_JUM - 1  i,Sin-£p. 

x*I(E„Vm  +  E,Vf)  n.°,  j>(,i  1 


(23) 


We  will  use  this  expression  to  compute  the  maximum  deflection  in  the  beam  which  will  be 
compared  with  the  experimentally  found  values. 
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3.2  Strain  and  Stress  Solution 

We  have  observed  before  that  the  existing  stress  in  the  beam  is  only  a^=<T  with  a^, 
T^y,  Tyj,  and  being  zero.  Under  this  condition,  we  can  write  the  strain  compatibility 
condition  as 


dv  ,  du 


=  0 


From  eqn.  (24),  with  the  help  of  eqn.(23),  we  can  write 


- - 1  i,C08^ 

rt(E.v.  +  E,v,)  . 


(24) 


(25) 


Integrating  equation  (25)  with  respect  to  y 


nxx 


«  - - J  1  cos-T- 

+  EfVf)  n*l,  3  ,9, 1  1 


+  f(x) 


To  find  f(x),  we  apply  the  symmetry  boundary  condition,  that  at  x 
values  of  y.  This  gives,  f(x)  =  0,  therefore,  we  write 


(26) 

L/2,  u  =  0  for  all 


„  = - (27) 

^*I(En,Vj,  +  EfVf)  i,*l,  3  )9il  1 

This  is  the  general  expression  for  u  and  we  observe  that  it  is  a  function  of  both  x  and  y. 
From  equation  (27)  we  find  the  flexural  strain,  as 
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du_  y?  PLy  »  1  o:_  nirx 

"  ~  1  E  V  r 

%VfJ  n=l,3i9,l  1 


We  will  compute  maximum  strain  in  the  composite  beam  according  to  equation  (28)  and 
compare  with  the  experimental  value.  Assuming  isostrain  both  in  the  matrix  and  fiber  in 
the  axial  direction,  we  can  write 

Cf  =  EfC,  and  =  E^c,  (29) 

Where  and  are  the  stresses  in  the  matrix  and  fiber.  Using  the  rule  of  mixture  we  now 
find  the  flexural  stress  in  the  composite,  [22,23],  as 

^coinp=‘^fVf+t^„(l-Vf)  (30) 
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4.0  RESULTS  AND  DISCUSSION 


4.1  Flexnie  and  Fracture  Tests 

Prior  to  discussing  the  results  of  this  study,  it  is  appropriate  to  discuss  some  of  the 
limitations  of  bend  tests  in  measuring  the  flexural  strength  and  fracture  toughness  of 
ceramic  matrix  composites.  The  flexural  test  is  commonly  employed  in  strength 
characterization  of  ceramic  matrix  composites  due  to  the  problems  of  gripping  and  aligning 
the  specimen  during  the  tensile  test.  The  complexity  in  performing  high  temperature  test 
with  tensile  fixture  and  cost  of  tensile  specimens  are  major  concerns  in  characterizing 
ceramic  matrix  composites.  But  the  common  practice  of  performing  bend  test  appears  to 
give  higher  strength  than  the  data  obtained  from  a  standard  tensile  coupon  for  both  polymer 
and  ceramic  matrix  composites  [24,25].  Flaws  existing  in  a  specimen  are  subjected  to  a 
uniform  maximum  stress  field  during  tensile  loading.  However,  during  flexure,  the  stress 
fidid  is  almost  linearly  varying  from  the  neutral  axis  of  the  beam  cross  section.  This 
variation  in  the  stress  field  reduces  the  possibility  of  occurrence  of  flaws  within  the 
maximum  stress  field,  and  hence  gives  higher  strength.  Again  in  bend  tests,  the  three-^int 
loading  produces  higher  strength  as  compared  to  four— point  loading.  This  is  because  the 
smaller  volume  under  maximum  stress  gives  higher  local  strength.  This  difference  in  strength 
suggests  the  importance  of  finding  the  ratios  for  characteristic  flexural  strength  to  tensile 
strength  using  Weibull  statistical  strength  theory  for  brittle  materials  [26].  Since  WeibuU 
statistics  contain  a  volume  term,  it  can  predict  the  effect  of  volume  on  the  strength 
parameter.  The  four— point  loading  is  often  preferred  to  three-point  loading  because  the 
center  section  is  under  pure  bending. 
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The  fracture  toughness  Kic  measured  from  the  existence  of  critical  stress  intensity 
factor  Kic  is  implied  to  linear  elastic  fracture  mechanics.  Ceramic  materials  behave  in  a 
linear  elastic  manner  at  least  at  low  temperature,  which  reasonably  justifies  the 
measurement  of  fracture  toughness  through  Kic  value.  The  four— point  bend  method  with 
both  straight  and  chevron  notched  specimens  appear  to  be  promising  candidates  for  standard 
Kic  measurement  techniques.  Despite  such  presumption,  the  results  show  discrepancy  in 
measured  values  due  to  the  influence  of  specimen  dimensions,  loading  rates,  and  loading 
fixtures  which  urge  a  standard  test  technique  to  obtain  a  true  Kic  value  for  ceramic 
materials. 

Data  for  flexural  strength  of  AI2O3,  SiCw/Al203  and  SiCp/Al203  were  analyzed  by 
WeibuU  distribution  curves  shown  in  Fig.  8,  to  establish  the  probability  of  failure 
occurrence.  It  is  evident  from  Fig.  8  that  the  Weibull  characteristic  life  of  single  phase 
monolithic  AI2O3  has  been  increased  almost  one  and  half  times  due  to  the  incorporation  of 
SiC  whiskers,  whereas  in  the  case  of  SiC  platelets  the  strength  of  the  composite  has  been 
decreased.  Most  of  the  flexural  strength  data  in  Figure  8  show  linearity  and  well  distributed 
fit  in  weibull  plot  except  few  in  the  case  of  AI2O3.  The  bad  fit  represent  the  material 
behavior  or  the  quality  of  the  data.  The  asterisk  marked  data  in  AI2O3  shows  a  material 
defect  due  to  a  significant  lower  flexural  strength.  The  value  of  the  shape  factor  parameter 
of  the  monolithic  AI2O3  would  be  higher  if  the  asterisk  marked  data  were  omitted  from  the 
plot.  A  significant  higher  value  of  the  shape  factor  parameter  denotes  less  scatter  in  data  of 
flexural  strength  in  SiCw/Al203. 

The  difGculty  in  hot-pressing  technique  regarding  the  orientation  of  the  platelets  is 
easily  detected  firom  the  SEM  examinations  in  Figs.  9—11  .  To  obtain  optimum  strength 
properties  in  platelet— reinforced  composites,  flatness  and  freedom  from  surface  and  edge 
cracks  are  essential,  but  a  high  degree  of  parallelism  in  platelet  distribution  is  more 
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important  than  the  uniformity  of  the  particles  themselves.  The  lack  of  such  parallelism  in 
platelets  distribution  is  revealed  in  the  SEM  examination. 

Also,  whenever  a  multi  phase  material  is  processed  at  elevated  temperatures,  the 
differences  in  the  thermal  expansion  coefficients  and  elastic  modulii  of  the  phases  result  in 
residual  stresses  upon  cooling  to  room  temperature.  These  residual  thermo-mechanical 
stresses  have  always  been  of  interest  from  both  the  strengthening  and  the  weakening 
perspective.  The  geometry  of  the  inclusion,  expressed  as  aspect  ratio,  (length/diameter  or 
1/d)  directly  affects  the  magnitude  of  this  internal  stresses  [9].  The  1/d  ratio  is  a  highly 
significant  factor  which  can  either  amplify  or  reduce  the  thermal  and  elastic  effects  on  the 
internal  stresses.  When  the  1/d  ratio  increases,  the  stress  inside  the  inclusion  parallel  to  the 
1  axis  significantly  increases,  and  the  tangential  stresses  parallel  to  the  1  axis  at  the  interface 
of  the  inclusion  decreases.  As  a  result,  an  inclusion  with  a  whisker  shape  will  carry  more 
unidirectional  load  than  one  with  a  spherical  shape.  The  results  of  the  present  study  show 
that  composites  rdnforced  with  platdets  have  very  low  flexural  strength  and  the  low  1/d 
ratio  of  platdets  is  a  significant  factor  in  causing  higher  residual  micromechanical  stresses. 
However  experimental  investigation  of  such  residual  stresses  is  necessary  before  drawing  any 
conclusion.  The  porosity  due  to  incomplete  densification  is  also  of  critical  concern  in 
platdet  composites.  These  defects  may  be  due  to  improper  platdet /powder  blending  or 
because  of  harvesting  of  SiC  platdets  prior  to  the  mixing  with  AI2O3.  Possible  refinements 
including  good  dispersion  technique  in  order  to  avoid  agglomeration  of  platdets  in  AI2O3 
matrix  and  improved  harvesting/sizing  procedure  for  platdets  are  therefore,  suggested. 

Figures  12  and  13  show  the  WeibuU  distribution  of  fracture  toughness  of  monolithic 
AI2O3,  SiCw/A^Os  and  SiCp/Al203  composites  obtained  using  four— point  bend  test  for  both 
straight—  and  chevron  notched  specimens.  A  comparison  study  of  the  WdbuU  characteristic 
values  and  the  average  value  for  both  flexural  strength  and  fracture  toughness  are  presented 
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in  Table  7.  It  is  observed  that  the  Kic  of  AI2O3  is  increased  with  the  incorporation  of  SiC 
whiskers  and  has  a  maximum  value  of  5.09  MPaJm  for  straight  notched  specimens  and  7.69 
for  chevron  notched  specimens.  The  observed  increase  in  the  Kic  of  AI2O3  as  a  result  of  SiC 
whisker  addition  is  due  to  the  changes  in  the  micro  structure.  It  is  apparent  that  the  average 
values  are  always  lower  as  compared  to  WeibuU  characteristic  values.  It  is  also  evident  that 
the  chevron  notched  specimens  show  higher  Kic  values  than  those  of  the  straight  notched 
specimens  for  both  SiCw  and  SiCp  composites.  The  addition  of  whiskers  to  monolithic 
AI2O3  results  in  crack  deflection,  whisker  pullout,  and  possibly  crack  bridging  as  are  evident 
from  the  SEM  micro  graphs  (Figure  9)  of  the  fractured  surface  of  the  SiCw/A^Os  specimen. 
Whisker  pullout  is  detected  in  both  the  fractured  surfaces.  Holes  are  observed  where 
whiskers  dislodged  prior  to  fracture,  and  in  some  cases  whiskers  are  observed  to  be 
protruding  above  the  fractured  surface. 

The  state  of  stress  at  the  matrix/whisker  interface  plays  an  important  role  in  the 
toughening  mechanisms.  Due  to  the  thermal  coefBdent  expansion  mismatch  of  AI2O3  and 
SiCw,  large  compressive  stresses  are  developed  in  the  SiC  whiskers  and  tensile  stresses  are 
developed  in  the  AI2O3  matrix.  Since  the  whiskers  are  in  compression  and  the  matrix  is  in 
tension  at  the  interface,  the  main  propagating  crack  is  attracted  to  the  tensile  region  and  is 
deflected  along  the  interface. 

It  is  clear  from  Fig.  12  and  13  that  the  fracture  toughness  values  of  the  SiCp/Al203 
composite  are  significantly  lower  than  that  of  the  monolithic  AI2O3.  The  reasons  which  are 
described  for  the  discrepancy  of  flexural  strengths  are  also  applicable  to  the  fracture 
toughness.  The  SEM  micro  graphs  of  platelet  composites  (Fig.  10  &  11)  show  less  evidence 
of  any  commonly  implied  toughening  mechanisms  that  are  observed  in  whisker  composites. 
Analytical  investigations  have  shown  that  the  degree  of  toughening  depends  on  the  shape 
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and  therefore  on  the  surface  area  of  the  dispersoid  [27].  Both  analytical  and  experimental 
investigations  of  the  failure  mechanisms  with  different  sizes  of  platelets  are  necessary  for  a 
complete  understanding  of  the  effects  of  such  reinforcements. 

4.2  Energy  Approach; 

Values  of  Maximum  deflection,  flexural  strain  and  flexural  stress  obtained  from  the 
four— point  bend  test  as  shown  in  the  previous  section  at  room  temperature,  have  been 
considered  in  the  energy  approach  as  a  basis  of  a  comparison.  Values  for  both  monolithic 
SiC  and  SiC,^/Al203  were  compared.  Using  eqn.  (13)  for  monolithic  material,  and 
performing  the  similar  derivations  we  can  easily  formulate 


y(x) 


(31) 


’T  EnjI  n=  1,3, 8,11 

where  E^  is  the  elastic  modulus  of  monolithic  SiC.  From  eqn.  (23)  we  observe  that  the 
maximum  deflection  takes  place  at  x  =  L/2.  The  series  contains  1/n^  term  which  is  highly 
convergent  and,  therefore,  taking  only  two  terms,  i.e.,  with  n  =  1  and  3 


V  = 
^max 


y?  PL^ 


+  Vf) 


(32) 
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According  to  eqn.  (28),  we  can  compute  maximum  strain  at  x  =  L/2  and  at  y  =  d/2,  where 
d  is  the  depth  of  the  specimen.  Eqn.  (28),  with  two  terms  in  the  series,  reduces  to 


(^x)inax 


fl  PLd 

2t2I(E^v^  +  EfVf) 


[1 


(33) 


Now  taking  this  maximum  strain  under  consideration,  we  can  determine  the  flexural  stress 
using  eqns.(29)  and  (30).  Computations  have  been  carried  out  for  both  monolithic  SiC  and 
SiC,^/Al203  using  the  following  properties: 

E,„  =  271.28  X  lO®  Ef  =  450.0  x  10»  N/m^, 

=  0-7,  Vf  =  0.3, 

I  =  bdVl2  =  16  X  10-‘2  m^ 

L  =  0.04  m,  d  =  0.004  m. 


The  comparison  with  the  experimentally  determined  values  are  shown  in  Table-8 


and  Table-9. 
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5.  CONCLUSIONS 

From  the  results  of  the  investigation  the  following  conclusions  can  be  drawn. 

1.  The  flexural  strength  and  fracture  toughness  of  monolithic  AI2O3  increase  due  to 
incorporation  of  SiC  whiskers.  In  the  case  of  platelets  both  strength  and  toughness  of 
the  composites  appear  to  decrease  in  comparison  to  monolithic  AI2O3. 

2.  It  appears  that  chevron— notched  specimens  provide  higher  Kic  values  than  those  of  the 
straight  notched  specimens  for  both  SiCw  and  SiCp  composites. 

3.  Scanning  electron  microscopy  examination  reveals  that  there  is  lack  of  parallelism  in 
platelet  orientation  which  necessitates  the  development  of  a  technique  to  control  the 
platelet  orientation  in  processing. 

4.  A  formulation  based  on  Rayleigh— Ritz  method  is  presented  to  compute  the  deflection 
of  a  composite  four— point  beam  specimen  that  has  been  used  in  the  current 
investigation  for  mechanical  characterization.  Axial  displacement  and  strain  equations 
are  derived  from  the  strain  compatibility  condition,  and  stress  equations  are 
established  on  the  basis  of  the  rule  of  mixture  and  the  assumption  of  isostrain 
condition.  Good  correlation  between  the  experimental  and  predicted  values  are 
observed. 
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5  Specimen  Orientation  in  Hot  Billet 
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Figure  6  Plan  view  with  of  the  General  Chevron  Notched 
Fracture  Toughness  sample  with  nomenclature 


Figure  7  Plan  view  of  the  Chevron  Notched  specimen 
used  for  our  experiment 


29 


Cumulative 


100  1000 

Flexural  Strength  (MPa) 


Figure  8  Welbull  Plot  of  Flexural  Strength  Data 
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Figure  9  Scanning  Electron  Micrograph  of  a  Fracture'  Surface  of  SiVAljOj 


31 


Figure  1 1  Scanning  Electron  Micrograph  of  a  Fracture  Surface  of 
SiCp/Al203  (Chevron  Notched  Specimen) 
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Figure  13  Weibull  Plot  of  Fracture  Toughness  Data 
CChevron  Notched  Specimen) 
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ALUMINA  (EBON-A) 

Manufacturer:  Cercom  Inc. 

Purity 

99.8%  pure 

Physical  Properties: 

Density 

3.93  gm/cm3 

Flexural  Strength 

80,000  psi 

Compressive  Strength 

400-500,000  psi 

Modulus  of  Elasticity 

57  X  10*  psi 

Table  1.  Manufacturer  Data  for  Aluminum 
oxide  (Ebon  A) 


SiC  Platelets 

Manufacturer:  American  Matrix  Inc. 

Purity 

99.99% 

Physical  Properties: 

Diameter 

100-300 

Thickness 

5-50 

Specific  Gravity 

3.22 

Size 

100  to  200 

mesh 

Table  2.  Manufacturer  Data  for  Silicon 
Carbide  Platelets 


SiC  Whiskers:  Grade-1 

Manufacturer:  Tokai  Carbon  Co. 

Physical  Properties: 

Crystal  Type 

Beta 

Diameter 

03-0.6 

Length 

10-15 

Aspect  Ratio 

10-14 

Density 

3.20  g/cm^ 

SiC  (wt%) 

99% 

Si02  (wt%) 

<03% 

Particulate  by  wt% 

<1% 

Table  3.  Manufacturer  Data  for  Silicon 
Carbide  Whiskers 
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FLEXURAL  STRENGTH  TEST 
(BY  4  POINT  LOADING) 


Table  4 


SAMPLE 

FLEXURAL  STRENGTH 

MPa 

No. 

AL2O3 

SiC/Al203 

(Whiskers) 

SiC/Al203 

(Platelets) 

1 

431.18 

603.83 

120.26 

2 

356.12 

554.04 

108.58 

3 

359.45 

593.53 

120.51 

4 

255.87 

609.10 

123.65 

5 

403.38 

597.42 

12623 

6 

358.62 

629.11 

- 

7 

372.24 

622.44 

- 

8 

391.15 

665.53 

- 

9. 

403.93 

612.16 

- 

10. 

- 

598.81 

- 

Ave, 

370.22 

608.59 

119.85 

Flexural  Strength  Data  of  AI2O3  and  SiC/AljOs  specimens 
(4  point  loading) 
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FRACTURE  TOUGHNESS  TEST 
(BY  4  POINT  LOADING) 


SAMPLE 

No. 


STRAIGHT  NOTCH 

Kic  =  MPaMi/2 

AL2O3 

SiC/AljOj 

(Whiskers) 

SiC/AljOs 

(Platelets) 

4.16 

5.09 

2.83 

4.33 

5.19 

2.45 

4.17 

5.10 

3.18 

4.20 

5.29 

3.30 

4.35 

4.76 

2.64 

4.26 

4.82 

4.01 

4.13 

5.35 

4.48 
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FRACTURE  TOUGHNESS  TEST 
(BY  4  POINT  LOADING) 


Table  6 


SAMPLE 

No. 

CHEVRON  NOTCH 

Kie  =  MPaMi/2 

AL2O3 

SiC/Al203 

(Whiskers) 

SiC/Al203 

(Platelets) 

1 

5.08 

7.14 

4.47 

2 

4.17 

7.40 

4.25 

3 

5.49 

7J8 

4.60 

4 

6.09 

737 

3.95 

5 

5.93 

8.17 

4.58 

6 

6.30 

7.45 

5.60 

7 

6.26 

7.99 

4.65 

8 

4.40 

823 

4.65 

9. 

6.33 

8.06 

5.11 

10. 

6.26 

- 

- 

Ave. 

5.63 

7.69 

4.65 

Fracture  toughness  Data  of  Al203and  SiC/Al203for  Chevron 
notched  specimens  (4  point  loading) 
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Materials 

Flexural  Strength 

4  Point  Bend 

MPa 

Fracture  Toughnesi 
4  Point  Bend’ 
MPa.Mi/2 

FractureToughness 
4  Point  Bend” 
MPa.Mi/2 

WeibuU 
Charact- 
ristic  Ufe 

Average 

WeibuU 
Charact¬ 
eristic  Ufe 

Average 

WeibuU 
Charact¬ 
eristic  Ufe 

Average 

AI2O3 

391.46 

370.22 

4.27 

4.23 

5.97 

5.63 

SiCw/  AI2O3 

620.72 

608.59 

5.17 

5.09 

7.86 

7.69 

SiCp  /  AI2O3 

122.83 

119.85 

3.53 

3.27 

4.83 

4.65 

*  Stnigbt  Notch 
**  Chevron  Notch 


Table  7  Comparison  of  WeibuU  Characteristic  Life  and  Average  Value  of  Flexural  Strength 
and  Fracture  Toughness 


I 
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Specimen 

No. 

Load(n) 

Di8placement(mm) 

Strain(mm/mm) 

Stress(Mpa) 

Theory 

Expt 

Theory 

Expt 

Theory 

Expt 

1 

966.1 

0.170554 

0.177038 

0.001894 

0.001942 

615.3 

596.8 

2 

886.5 

0.156498 

0.167107 

0.001738 

0.001833 

564.6 

547.4 

3 

949.6 

0.167648 

0.174041 

0.001861 

0.001909 

604.8 

586.5 

4 

974.6 

0.172045 

0.177698 

0.001910 

0.001949 

620.6 

601.9 

5 

955.9 

0.116875 

0.167335 

0.001874 

0.001835 

608.7 

590.4 

6 

1006.6 

0.177699 

0.181483 

0.001973 

0.001990 

641.0 

621.8 

7 

995.9 

0.175815 

0.180264 

0.001952 

0.001977 

634.2 

615.1 

8 

1064.9 

0.187986 

0.187833 

0.002087 

0.002060 

678.1 

657.8 

9 

979.5 

0.172909 

0.170485 

0.001920 

0.001870 

623.8 

604.9 

10 

958.1 

0.169140 

0.165456 

0.001878 

0.001815 

610.2 

591.8 

Mean 

973.8 

0.166717 

0.174874 

0.001909 

0.001918 

620.1 

601.4 

Table  8:  Comparison  of  Displacement,  Strain  and  Stress  Data 

for  SiC^/AlsO,  Composites 
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Specimen 

No. 

Load(n) 

Displacement(mm) 

Strain(mm/mm) 

Stress(Mpa) 

Theory 

Expt 

Theory 

Expt 

Theory 

Expt 

1 

689.9 

0.145868 

0.129108 

0.001620 

0.001416 

2 

569.8 

0.120475 

0.116103 

0.001338 

0.001273 

351.84 

3 

575.2 

0.121604 

0.114833 

0.001350 

0.001259 

366.26 

355.36 

4 

409.4 

0.086562 

0.112827 

0.000906 

0.001237 

252.83 

5 

646.3 

0.136652 

0.119761 

0.001517 

0.001313 

399.21 

6 

645.4 

0.136465 

0.119202 

0.001515 

0.001307 

398.52 

7 

573.8 

0.121322 

0.115087 

0.001347 

0.001262 

365.42 

354.39 

8 

595.6 

0.125593 

0.112725 

0.001398 

0.001236 

379.31 

367.77 

9 

625.9 

0.132325 

0.119380 

0.001469 

0.001309 

398.57 

386.66 

Mean 

592.3 

0.125207 

0.117670 

0.001391 

0.001290 

373.24 

365.85 

Table  9:  Comparison  of  Displacement,  Strain  and  Stress  Data 

for  Monolithic  AljO, 
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